Introduction
Increasing concern over the global atmospheric and climatic effects of sulfur oxides exhausted into the upper atmosphere by jet engines at cruise altitudes 1 has prompted the need for direct determinations of SO 2 and SO 3 concentrations and emission indices in test combustor exhausts at simulated high-altitude cruise conditions. The objective of the work reported here was to develop an optical, non-intrusive sensor system for SO x species based on ultra-sensitive infrared absorption using quantum cascade (QC) lasers as tunable, narrow-bandwidth light sources. QC lasers are recently developed, room-temperature-operable devices which provide breakthrough technology as compact, rugged, coherent, tunable light sources in the mid-to long-wavelength portion of the infrared spectrum. [2] [3] [4] Application of these devices at selected wavelengths in the strong fundamental vibration-rotation bands of SO 2 and SO 3 between 7 and 8 µm, combined with high-precision absorbance detection and noise reduction techniques, offers a previously unavailable means to detect these species at ppmv levels at reduced pressures and elevated temperatures characteristic of jet aircraft cruise conditions. This paper reports on the laboratory demonstration of a spectrometer capable of quantitative detection of SO 2 and SO 3 at elevated temperatures (300 to 700 K), reduced pressures (0.1 to 0.4 atm), and elevated H 2 O and CO 2 mole fractions (~0.1) characteristic of combustor exhaust conditions.
The sensor system developed in this work was designed for use with a low-pressure engine exhaust test facility such as the NASA Propulsion Systems Laboratory (PSL) facility, where test engines are fired into a vacuum chamber at background pressures corresponding to specific cruise altitudes. The nominal temperature and pressure at the exit of the low-pressure turbine are 550 K and 300 torr for a typical commercial-service jet aircraft engine. 5 These values are typical of the conditions in which the SO 2 and SO 3 measurements must be made in the test chamber. As a benchmark for the chamber tests, a fuel sulfur fraction of 0.5 wt% S (5000 ppm S by mass) corresponds to an S emission index (EI(S)) of 5 g/kg fuel, and results in 60 ppmv of total SO x in the exhaust stream. 5 This level of fuel-S is considerably higher than that in most aviation fuels now in use; however, it provides a convenient concentration range for the combustor tests. Equilibrium calculations predict that essentially all of the SO x at the lowpressure turbine exit plane should be in the form SO 3 , which would lead directly to rapid formation of H 2 SO 4 upon reaction with H 2 O. However, many measurements, as well as a large body of reaction rate measurements and kinetics model calculations, indicate that most of the emitted sulfur is in the form SO 2 , which is the initial high-temperature combustion product at the combustion chamber exit. 1, 6 This occurs because there is a slow rate of conversion of SO 2 to SO 3 by homogeneous gas phase reactions. However, this conversion is well known to be accelerated by heterogeneous catalysis, especially on metal substrates such as vanadium, so some SO 2 →SO 3 conversion may occur on turbine or particulate surfaces. While SO 2 in combustion exhaust has been observed by infrared absorption using cryogenic lead salt diode laser systems, 7,8 measurement of the actual SO 2 /SO 3 ratio in jet engine exhaust has not been achieved, and requires detection of SO 3 at ppmv levels for typical test fuels. Detection of SO 2 at ~1 ppmv will enable EI(S) determinations for fuels at sulfur levels down to 0.1 g/kg fuel.
The combustor exhaust measurements would consist of multipass absorption measurements in the test chamber, across the flow stream near the exit plane of the low-pressure turbine. Our approach uses two tunable QC lasers, chosen at wavelengths to optimize their sensitivities to SO 2 and SO 3 respectively, together with noise cancellation by balanced ratiometric detection (BRD) 9 to observe very small absorbances. A key aspect of the instrument design was to select and achieve operating wavelengths for which small signals for SO 2 
Models of High-Temperature Absorption Spectra

SO 2 Spectroscopy
We chose to develop our detection strategy using transitions in the strong asymmetric stretch band (ν 3 ) near 1360 cm -1 (7.35 µm) to achieve the highest possible sensitivity. The measured integrated band strength at 296 K (including hot band contributions) is 2. These studies were used to identify minima in the high-temperature, pressure-broadened 
SO 3 Spectroscopy
The infrared spectrum of gas-phase SO 3 consists of the ν 3 band centered at 1391.5 cm -1 (7.18 µm), 13,14 and ν 2 and ν 4 (bending mode) bands near 500 cm -1 (20 µm). 15, 16 Only the ν 3 band is accessible to a QC laser. HITRAN contains no data base for this band, so detailed spectral modeling is not possible for SO 3 . Indeed, there are no published data for quantitative absorption strengths or cross sections of SO 3 . Limited high-resolution spectroscopic measurements for this band were reported by Henfrey and Thrush. 13 These authors published a portion of an absorption spectrum in the Q-branch region, 1388-1393 cm -1 .
Recently, Maki et al 14 reported detailed high-resolution FTIR absorption measurements (0.002 cm -1 ) for SO 3 at low pressures and room temperature. These measurements do not give quantitative absorption strengths because the SO 3 pressure was not closely monitored during the several hours required to record the time-averaged FTIR spectra. 17 However, they provide an excellent data base on room temperature rotational structure and relative line strengths. The room-temperature, Doppler-broadened SO 3 spectral data are compared to HITEMP predictions for H 2 O in Figure 2 . The H 2 O absorbance spectrum was computed for 10% H 2 O at 0.4 atm and 550 K. The best spectral location in terms of low H 2 O absorbance is in the Q-branch region, at 1392 cm -1 . As described below, the laser that was obtained could not be operated at this wavelength, so we selected a shorter operating wavelength that would still permit sensitive detection of SO 3 . The spectral region in the R-branch near 1396.6 cm -1 (7.160 µm) offers a reasonable compromise. The baseline H 2 O absorption is about a factor of 2.5 larger, however the SO 3 lines are about a factor of 2.5 more intense (at room temperature), so the contrast ratio remains about the same.
High-temperature, Low-pressure Flow Apparatus
The QCL demonstration measurements were carried out in a high-temperature, low-pressure flow system. The flow system was designed to generate known concentrations of SO 2 A parallel ball valve and needle valve combination is used to throttle the gas flow to the desired pressure. The gas is exhausted through a mechanical vacuum pump equipped with chemically inert pump oil and with a baffle on the inlet to prevent backstreaming. SO 2 was acquired as a high-purity mixture of 1990 ppmv SO 2 in nitrogen. Metered flows of this mixture were mixed with ultra-high purity nitrogen to dilute the sample gas flow to the desired SO 2 mole fraction. At each temperature, the apparatus surfaces were first treated with a flow of dry nitrogen to remove any traces of adsorbed water, and were then exposed to a constant flow of SO 2 to condition the walls against SO 2 uptake. The SO 2 absorption signal was monitored throughout, and a constant signal was taken as an indicator that the surface conditioning process was complete.
SO 3 has three stable phases and is highly reactive with surfaces, making it difficult to introduce into the gas-phase flow system at known concentrations. The phase of interest is the γ phase, with melting point 17 C. We purchased a cylinder containing 40 g of SO 3 and a small amount of a stabilizer to inhibit polymerization. To further prevent polymerization, we immersed the SO 3 cylinder in a constant-temperature bath maintained at 37 C between experiments. For the experimental measurements, the bath temperature was reduced to 20 C, ultra-high purity nitrogen was bubbled through the liquid SO 3 at 1800 psi, and the saturated SO 3 /N 2 mixture was passed through a corrosion-resistant regulator and into the flow tube. The mixing fraction of SO 3 in the saturated gas flow was determined from vapor pressure data reported by Schrage. 18 The saturated mixture was diluted by addition of ultra-high purity nitrogen prior to admission to the flow tube. As with SO 2 , we took care to remove adsorbed H 2 O from the flow tube surfaces, and passivated the surfaces by flowing the SO 3 mixtures for some time prior to each measurement. This last step was essential, as we regularly observed substantial SO 3 loss prior to complete passivation. Once the passivation process was complete, the absorption responded appropriately to changes in dilution and furnace temperature, and was reproducible.
4.
Quantum Cascade Laser Spectrometer for SO 2 and SO 3 
General QCL Spectrometer Layout
The optical layout for the SO x sensor system is shown in Figure 4 . Beams from distributedfeedback QC lasers at 7.50 µm for SO 2 The detector output signals for the reference and probe beams are processed by the balanced ratiometric detector or BRD 9 , an analog circuit that removes noise due to common mode laser intensity fluctuations. The BRD was originally developed for cw signal processing but was modified for use with the pulsed QCL; see reference 4. The laser frequency is rapidly scanned through a target absorption feature to produce a narrow-band spectrum defining the integrated absorbance due to the target species. The integrated absorbance is related to the species concentration through empirical calibrations.
The mount for the QCL includes an internal 15 W thermoelectric cooler (TEC) for controlling the temperature of the laser, an integral pulse driver printed circuit board, and an external collimation lens in a precision optical mount. The housing measures 5 × 5 × 10 cm.
The mount can be purged for operation at temperatures below the ambient dew point. A ½-in.
diameter, f/1 ZnSe spherical plano-convex lens collimates the beam, and serves as the "window"
for the mount. The lens is mounted on a 5 degree-of-freedom precision lens mount, and is antireflection coated over the accessible range of laser wavelengths.
The electronics required to drive the laser are composed of two subsystems: the current pulse generator and the tuning (scan) ramp generator. The current pulse generator supplies the high current pulse train which brings the laser above threshold. The generator provides nominal peak currents of 3 to 6 A at compliance voltages of 6 to 10 V, with pulse widths of ~10 ns or less and duty cycles of ≤1% (e.g., ≤10 ns pulses at ≥1 MHz). The tuning ramp generator produces a subthreshold sawtooth ramp (~100 mA at a frequency of ~10 Hz) to sweep the output frequency across the absorption feature of interest. The two signals are added together in a bias tee. All these functions are provided by a proprietary highly integrated single-board circuit that is small enough to reside directly in the laser mount. With this driver, we have achieved pulse widths as short as 3 ns at a ~1 MHz repetition rate, resulting in laser bandwidths less than 1 GHz (<0.03 cm -1 ). 19 We used HgCdTe detectors with a 9 µm response cutoff. Rejection of thermal background radiation is an important consideration for QC laser applications at these relatively long infrared wavelengths. The room temperature blackbody spectral radiance has its maximum near 10 µm, at a level of ~1 mW/(cm 2 sr µm), and is only about 15% lower at 7.5 µm where we want to make the SO 2 measurement. We selected detectors equipped with cold shields to limit their fields of view, however the broadband room temperature thermal radiation can be almost as intense as the laser beam in some circumstances.
As the thermal background becomes a significant contributor to the total power on the detector, the efficacy of the BRD noise cancellation method is diminished. This method cancels commonmode laser intensity fluctuations, but the thermal background noise is not eliminated. Indeed, it is this noise floor, rather than the noise-equivalent power (NEP) of the detector, that ultimately limits the minimum detectable absorbance for the system once all other noise contributions are eliminated. To minimize this effect, we used a combination of a small-aperture (~f/10) cold shield and a 0.5 µm bandpass cold filter, both installed immediately in front of the detector element. The cold aperture restricts the external field of view to the size of the laser beam, and the cold bandpass filter restricts the spectral range over which the background blackbody radiation is detected. For this configuration, the minimum detectable absorbance is limited by apparatus factors as discussed below.
The lasers were used to probe known concentrations of SO 2 and SO 3 in the flow tube at 300 torr and selected temperatures. For a given absorber concentration, the laser was scanned over an absorption feature repeatedly to determine an average. The resulting spectrally resolved absorbance feature was integrated over the scan to determine an empirical absorbance corresponding to the species concentration. Relative absorbances were measured in this way for several absorber concentrations, and the results were plotted as empirical curves of growth for each temperature. Repeated measurements for the same condition were used to determine the sensor precision and to estimate detection limits. The slopes of least squares lines fit to the data points give empirical absorption coefficients and hence calibrations of the sensor. These calibration factors are then incorporated into the computer program which analyzes the absorption measurements, so that the absorber concentration is automatically determined in the analysis. These calibrations depend upon temperature, pressure, and the details of the laser scan.
SO 2 Spectrometer and Measurement Results
The optical power as a function of peak current for the SO 2 laser (7.50 µm) is shown in Figure 5 .
The width of the current pulse was 9 ns, at a pulse frequency of 1. i.e. the pressure above which the absorption line width exceeded that of the laser. We estimate the laser bandwidth of both lasers to be ~0.012 cm -1 (0.36 GHz). In comparison, the computed Voigt linewidth for SO 2 in 300 torr of air ranges from 0.095 cm -1 at 296 K to 0.062 cm -1 at 700 K. However, due to the highly congested nature of the SO x absorption spectra, many SO x lines are encompassed by the laser bandwidth. As a result of this spectral congestion, we cannot relate the observed absorbance to concentration through a fundamental molecular absorption coefficient, but instead we determine empirical absorbance calibrations for a specific set of experimental conditions.
The target absorption feature at 1332.4 cm -1 is an unresolved grouping of strong lines which sits atop a quasi-continuum of weaker lines. Since the scans across this feature cannot probe the baseline of zero absorbance, it is necessary to determine the zero absorbance level through scans with no SO 2 present in the sample path. A series of baseline-corrected scans at different SO 2 partial pressures (0.0 to 597 mtorr), at 300 torr total pressure and 473 K, is shown in Figure 6 . The integrated relative absorbance decreases with decreasing SO 2 partial pressure, and even goes slightly negative at zero SO 2 . This latter observation is an artifact of the slight drift in the zero absorbance trace before and after the scan series, and signifies the need for frequent updating of the zero-absorbance baseline. Plots of the relative integrated absorbance versus SO 2 concentration for 294 K and 473 K are shown in Figure 7 . The response is linear as expected, and the slopes of the linear fits give the empirical calibration factors for the measurements. The relative standard deviations of the slopes in Figure 7 are 2.4% at 294 K and 1.7% at 473 K, demonstrating the degree of accuracy for concentration measurements using these calibrations. In addition, the slopes of the two lines are the same within 2σ, signifying that the sensor calibration is essentially invariant with temperature over the range of interest.
Application of the calibration factor at room temperature to repeated measurements at 37 ppmv at 300 torr gave a standard deviation of 1.0 ppmv-m/Hz 1/2 , which we take to represent the precision as well as the practical detection limit for the system. From the predicted spectra, this corresponds to a noise-equivalent peak absorbance of 1.8 × 10averaged for 10 seconds have a peak noise-equivalent absorbance of 5.7 × 10 -5 and an SO 2 detection limit of 0.3 ppmv-m at 300 torr.
SO 3 Spectrometer and Measurement Results
The setup, testing, and calibration of the SO 3 sensor (7.16 µm) followed the same procedures as for the SO 2 sensor. A plot of the observed output power as a function of peak pulse current is shown in Figure 8 . The output power was observed with a power meter 28.7 cm from the laser.
The current pulse width was 10 ns, at a pulse frequency of 1.818 MHz. In this case, the threshold peak current is ~1 A, a more typical value for room-temperature devices. Average output powers near 1 mW were attained at 2.5 A peak current. Because of its low threshold current, this laser is also easy to scan over a relatively large frequency range. The etalon transmission scan indicated a scan range of ~1.25 cm -1 .
FTIR measurements were again made of the output spectral frequency as a function of laser mount temperature. For these measurements, the peak pulse current was varied from 1 A (upper set of points), to 1.6 A (middle set of points), to 2.5 A (lower set of points). The data yield a tuning slope of -0.085 cm -1 /K. These data indicate that, in order to achieve the original target frequency of 1392 cm -1 , it would be necessary to operate the laser at ~60 C. This is at (or beyond) the upper edge of the operating range of the TEC. We chose an alternate spectral frequency and feature set for which SO 3 absorbance can be discriminated from the high-temperature, pressure-broadened . This frequency can be reached at a laser mount temperature of ~4 C.
As in the case of SO 2 , the target absorption features are observed as an unresolved cluster of transitions atop a quasi-continuum baseline. Since the SO 3 spectrum is somewhat less congested than that of SO 2 , the continuum baseline is smaller and the individual lines are partially resolved. However, it is still necessary to use empirical calibrations to relate absorbance to concentration, and to repeatedly measure the zero-absorbance spectrum with no SO 3 present. A series of SO 3 absorbance scans is shown in Figure 9 , for SO 3 partial pressures of 0.0 to 34.8 mtorr at 20 torr total pressure and 294 K. In this case, at zero SO 3 , there is clearly residual SO 3 absorbance, signifying the difficulty of completely removing SO 3 from the flow tube under these conditions. This residual is probably due to slow outgassing of SO 3 from surfaces, and corresponds to 0.7 mtorr, i.e. ~2 × 10 13 molecules/cm 3 . Figure 10 shows a plot of the integrated absorbances from Figure 9 versus SO 3 concentration, demonstrating the linearity of the response. The slope of this line provides an empirical calibration for SO 3 measurements at this temperature and pressure. For the data shown in Figure 10 , the slope is determined with a relative standard deviation of 5.9%. At higher total pressures, the separate features shown in we estimate that the apparent SO 3 detection limit corresponds to a minimum detectable peak absorbance of ~1.1 × 10 -4 Hz -1/2 . Thus a 10 second average gives an SO 3 detection limit of 0.7 ppmv-m at 300 torr.
Summary and Conclusions
We have developed and demonstrated a high-sensitivity, room-temperature quantum cascade laser sensor for the detection of ppmv levels of SO 2 and SO 3 near 7 µm in aircraft test combustor exhaust streams. We have successfully implemented a detection strategy using two QC lasers to probe infrared absorption features at 7.50 and 7.16 µm for SO 2 and SO 3 , respectively, with a common dual-beam detection system. We inferred a noise-equivalent absorbance of ~1 × 10 -4 Hz -1/2 . We demonstrated detection capability for both SO 2 and SO 3 at ppmv levels for 300 torr, elevated temperature, and path lengths near 1 m, and have observed apparent detection limits of (1 to 2) ppmv-m/Hz 1/2 (at 300 torr) for both species. This level of sensitivity permits measurement of <1 ppmv of SO 2 and SO 3 at 300 torr for path lengths near 1 m and modest signal averaging.
The detection limits reported here are considerably larger than we expected based on thermal and shot noise limitations. The accuracy of the SO x sensor system is primarily limited by the accuracy of the empirical calibrations, i.e. the accuracy with which known concentrations of SO 2 and SO 3 can be introduced and controlled in the flow cell. The precision of the measurements is ultimately limited by a combination of sensitivity and noise-equivalent detection limits. The sensitivity and noise-equivalent detection limits of the sensor system depend on a combination of several factors in the design. These include the detector noise levels due to room-temperature background radiation, the laser output power and bandwidth, the average absorption strength of the transitions sampled by the laser scan, the level of the unresolved quasi-continuum "baseline", and the effectiveness of the BRD noise cancellation.
The BRD effectiveness in the current application is limited by the need to repeatedly scan the zero-absorbance condition with no SO x in the sample path. If the spectral shape of the laser output changes slightly during the course of the sample scans, as for example when a window or mirror gets dirty, this will introduce an uncertainty into the determination of the zero-absorbance level and hence the absorber concentration. Thus it is important to sample the zero-absorbance condition as frequently as possible in order to approach the ultimate precision of the system. The BRD effectiveness also depends on how similarly the reference and sample beams are viewed by the two detectors. In the present configuration, the sample beam has a much longer propagation distance and may have a slightly different mode structure at the detector. This may be an important factor in the detection limits reported here. These considerations suggest that, with continued improvements in the optical system and calibration procedures, the observed SO x detection limits can be significantly reduced. 
